There is a clear need for efficient methods to produce protein therapeutics requiring mannosetermination for therapeutic efficacy. Here we report on a unique system for production of active human lysosomal acid -glucosidase (glucocerebrosidase, GCase, EC 3.2.1.45) using seeds of the Arabidopsis thaliana cgl mutant, which are deficient in the activity of N-acetylglucosaminyl transferase I (EC 2.4.1.101). Gaucher disease is a prevalent lysosomal storage disease in which affected individuals inherit mutations in the gene (GBA1) encoding GCase. A gene cassette optimized for seed expression was used to generate the human enzyme in seeds of the cgl (C5) mutant, and the recombinant GCase was mainly accumulated in the apoplast. Importantly, the enzymatic properties including kinetic parameters, IC 50 of isofagomine (IFG), and thermal stability of the cgl-derived GCase were comparable to those of imiglucerase, a commerciallyavailable recombinant human GCase used for enzyme replacement therapy in Gaucher patients.
Introduction
Transgenic plants, seeds and cultured plant cells are potentially one of the most economical systems for large-scale production of recombinant proteins for industrial and pharmaceutical uses (Kermode 2006; Lau and Sun 2009; Kermode 2011) . Seeds are particularly attractive as production hosts due to their high rates of protein synthesis during seed maturation, and their ability to remain viable in the mature dry (quiescent) and stored state (Twyman et al. 2003; Stoger and Ma 2005) . The stability of proteins in dry seeds allows for the additional advantage of a 'decoupling' of the processing of the materials to obtain the purified recombinant protein from the generation and harvesting of the transgenic seeds (Boothe et al. 2010 ).
Over one-third of approved pharmaceutical proteins are glycoproteins (Saint-Jore-Dupas et al. 2007; Gomord et al. 2010) , and even minor differences in N-glycan structures can change the distribution, activity or longevity of recombinant proteins as compared to their native counterparts, altering their efficacy as therapeutics. Thus, one of the major challenges of using plants as systems for pharmaceutical glycoprotein production is to produce these pharmaceuticals with 'humanized' N-glycans. Notably, certain processes of N-glycosylation that occur in post-ER compartments are markedly different in plant cells versus mammalian cells.
Although the early steps and components of the N-glycosylation process in the ER (including the tissues of the reticuloendothelial system leads to visceral organ manifestations, which are common to all Gaucher disease subtypes (Grabowski 1997) . The visceral manifestations of Gaucher disease can be treated by enzyme replacement therapy (ERT). The current FDA approved ERT is imiglucerase, a recombinant human GCase produced in Chinese hamster ovary (CHO) cells (Cerezyme®; Genzyme Corp., MA, USA). After its expression and purification, imiglucerase is modified by treatment with three glycosidases (-neuraminidase, -galactosidase, and -N-acetylglucosaminidase) (Furbish et al. 1981; Bijsterbosch et al. 1996; Friedman et al. 1999) to expose the terminal mannose residues on the N-glycans of the recombinant GCase. These terminal mannose sugars are recognized by the mannose receptor located on the macrophage plasma membrane; this downstream processing of GCase improves its targeting to and internalization by macrophages. The annual average cost for each patient ranges from 125,000 to more than 500,000 USD (Schmitz et al. 2007 ).
Here, active human GCase was produced in seeds of an Arabidopsis thaliana cgl mutant. The enzymatic properties including kinetic parameters, IC 50 of isofagomine and thermal stability of cgl-derived GCase are similar to those of imiglucerase. The major N-glycan components of the recombinant GCase were of the oligomannosidic type (85%), with the remainder being complex and hybrid types (15%). Mannose-terminated N-glycans represented 97% of the N-glycans on the cgl-GCase. The addition of a purification step (an anti-horseradish peroxidase affinity column) effectively removed the recombinant GCase containing xylose and/or fucose.
The present strategy demonstrates the potential for producing appropriate recombinant therapeutics if a null cgl mutant is used (e.g. the cgl1 C6 mutant; see Discussion), or after extensive purification of the proteins to remove antigenic (complex/hybrid N-glycan) forms of the enzyme. 7 confirmed by treatment of the transgenic seed extracts from line 1 with the inhibitor conduritol B epoxide, in which the fraction of activity that was sensitive to this GCase-specific inhibitor was 92%. The transgenic lines showed variable GCase activity above or near this background level.
One transgenic line had high GCase activity (24.0 + 1.8 units/mg total soluble protein [TSP]; Fig. 1B ). Western blot analysis (Fig. 1C) of seed extracts from a subset of the transgenic lines shown in Fig. 1B indicated a ~60 kDa protein which was detectable at variable levels. The line with the highest level of GCase activity showed the highest accumulation of GCase protein.
There was no cross reactivity of the GCase polyclonal antibody with any endogenous proteins in untransformed cgl seeds (Fig. 1C, UT) .
GCase of cgl storage parenchyma cells is secreted
To determine the subcellular localization of GCase, immunolabeling was carried out on ultrathin sections of cgl seeds prepared from high-pressure freezing/frozen substitution of the tissues.
The sections were sequentially incubated with anti-GCase antibody, and then with goldconjugated secondary antibody. Sections of the untransformed cgl seeds were used as negative controls. Electron micrograph images of the transgenic seed sections indicate that the gold particles were predominantly present within the extracellular spaces (Fig. 2) , indicating that most of the GCase was secreted into the apoplast, as expected.
Properties of purified cgl-derived GCase are comparable to those of imiglucerase
To further characterize the cgl-derived GCase, the enzyme was purified by a three-step procedure that used Con A chromatography, Butyl FF chromatography and Bio-Gel P 100 chromatography (Table I ). The purified GCase was resolved by SDS-PAGE and stained with Coomassie Brilliant Blue. After destaining, a single band on the gel indicated that GCase was purified to homogeneity (Fig. 3) . The diffuse nature of the band was suggestive of variation in the pattern of N-glycosylation/N-glycan maturation of GCase. There are five consensus sites for N-glycosylation on GCase (Asn-X-Ser/Thr); generally four sites are utilized in mammalian cells (Berg-Fussman et al. 1993; Jonsson et al. 1987; Bergmann et al. 1989) , and most of the Nglycans are in complex forms (see Discussion).
Kinetic analyses were carried out to compare cgl-GCase and imiglucerase using the fluorogenic substrate 4-MUGP. Cgl-GCase and imiglucerase exhibited similar V max and K m values ( Fig. 4 and Table II ). Isofagomine (IFG) is a potent inhibitor of GCase (Lieberman et al. 2007 ). The IC 50 values of IFG for the two enzymes were also similar ( Table 2 ). The IC 50 value of IFG for imiglucerase at pH 5.2 using the same substrate was reported as 30 nM (Steet et al 2006) . A fluorescence denaturation assay was used to determine the thermal stability of both enzymes, as characterized by the melting temperature (Tm) in the presence and absence of IFG.
Significantly, the melting temperatures of cgl-GCase and imiglucerase in the absence or presence of 300 M IFG were similar (Table II ). These results demonstrate that cgl-GCase and imiglucerase have similar enzymatic properties.
N-glycans of cgl-derived GCase are mannose-terminated and predominantly oligomannosidic
Purified GCase from cgl seeds was analyzed for its constituent N-glycans by carbon LC ESI MS/MS. The results show that ~85% of the N-glycan components detected were of the oligomannosidic type (i.e. those containing 1-7 hexose residues in addition to the pentasaccharide N-glycan core). The remaining 15% were paucimannose and hybrid N-glycans containing xylose and/or fucose ( Fig. 5 and Table III ). Man5-type glycans accounted for ~60%.
Structures like Man5F are indicative of exoglycosidase activities on the N-glycans during expression and/or purification of the protein. The N-glycans possessing terminal mannose residues accounted for ~97%. Since 15% of the cgl-GCase possessed potentially immunogenic hybrid/complex N-glycans, we investigated a method to remove the recombinant proteins possessing xylose-and/or fucose-containing N-glycans. A purification step implementing an anti-horseradish peroxidase column was conducted; this step was effective in removing the recombinant proteins containing matured N-glycans (Fig. 6) .
The efficiency of mouse macrophages to internalize cgl-GCase and imiglucerase via their cellsurface mannose receptors is comparable
Mouse macrophage cells (RAW 264.7) were used to determine the efficiency of GCase uptake.
Equal amounts of cgl-GCase and imiglucerase (3000± 300 nmoles MU/h, ~ 1 µg) were applied to the RAW cells (Fig. S1, A) . Following the 3-h incubation period, total intracellular GCase activity was determined and found to be significantly increased (~20%) in cells treated with cglGCase and imiglucerase relative to untreated cells (Fig. S1, B) . To reduce the high endogenous murine GCase activity in RAW cells, an antibody that specifically recognizes human GCase was used to "pull down" and directly measure the increase in enzyme activity produced by the internalized imiglucerase or cgl-GCase. This procedure resulted in a 300-fold reduction in background levels of murine GCase activity relative to cells that were treated with either of the recombinant GCase proteins (Fig. 7) . Importantly, similar amounts of imiglucerase and cglGCase were internalized by the cultured macrophages. Furthermore, the internalization of either enzyme was similarly reduced by ~7-fold when yeast mannan was included in the culture media.
These data indicate that the major cellular mechanism of endocytosis is the same for either form of GCase, i.e., via mannose receptors expressed on the plasma membrane of macrophages. As has been demonstrated by the efficacy of imiglucerase when used for enzyme replacement therapy, following receptor-mediated endocytosis the receptor-ligand complex is transported to the lysosome where GCase can hydrolyze its stored substrate.
GCase is moderately stable during seed storage.
To determine the post-harvest stability of GCase, seeds were harvested when siliques had dried out (three weeks after pollination). These seeds were maintained at room temperature for 25 d for further drying (seeds lost fresh weight during the first 2 weeks), and were then transferred to 4 °C, during which time they were maintained over silica gel as a desiccant (Table IV) . The GCase activities declined during the initial storage period when seeds were kept at room temperature but the activities recovered following the transfer of seeds to 4 °C within two months. At the end of the storage period (at d 115 of storage) the GCase activities were about 75% of the original. Interestingly, the pattern showing a transient increase in GCase activities following the transfer of seeds to 4 °C storage conditions is also observed for another lysosomal hydrolase (-L-iduronidase) produced as a recombinant protein in cgl seeds (Downing et al. 2007 ). These data suggest that cgl-derived GCase is moderately stable during seed storage.
Discussion

GCase produced in cgl seeds is highly active and possesses similar characteristics to those of imiglucerase
Arabidopsis seeds constitute an attractive host for the expression of complex therapeutic glycoproteins: (1) The seeds are not a food crop; thus regulatory issues are far less contentious (e.g. issues pertaining to a need to separate edible food crops destined for consumption, from those destined for biopharmaceutical use); (2) The stability of the recombinant protein in the mature dry cool-stored seeds (including GCase in the present study) is a significant advantage, and allows one to generate many seeds that can conveniently stored until the protein is required.
(3) Automated sowing/harvesting of pilled seeds for bulk production of Arabidopsis biomass has been developed or is in the process of being developed (Loos et al. 2011 ).
In the present study, the highest expressing cgl line of Arabidopsis accumulated GCase at a protein amount of ~0.1% TSP (T3 seeds). Using this line and our present purification protocol, one mg of purified GCase can be generated from ~25-30 g of mature dry seed. There is likely the potential to obtain lines with even higher GCase activity and protein levels with more screening; expression of human -L-iduronidase in cgl seeds using the same (arcelin gene) regulatory sequences, yielded an exceptional line in which the -L-iduronidase protein was estimated to be 18 µg/mg TSP or 1.8% TSP (Downing et al. 2006; Downing et al. 2007 ).
Most importantly, the enzymatic properties of purified cgl-derived GCase including kinetic parameters (V max and K m ), thermal stability and IC 50 of IFG were similar to those of imiglucerase.
Cgl seeds generate GCase with mannose-terminated N-glycans and the GCase protein is efficiently sequestered by mammalian macrophages
Immunogold EM localization of GCase in transgenic Arabidopsis cgl seeds demonstrated that the majority of recombinant GCase was secreted into the apoplast associated with embryo storage parenchyma cells. In human tissues, GCase appears to be loosely associated with the lysosomal membrane (van Weely et al. 1990 ). In mammalian cells, GCase is targeted to the lysosome independently of the mannose-6-phosphate receptor (Aerts et al. 1988) ; the lysosomal integral membrane protein LIMP-2 plays a specific role in this targeting process, and in its absence, the majority of GCase is secreted (Reczek et al. 2007 ).
Since the transport pathway of GCase to the plant cell surface most likely occurs via transit through the Golgi complex, it was important to determine the maturation status of the N-linked glycans of the recombinant GCase. The recombinant GCase predominantly possessed oligomannose type N-glycans, with 60.2% Man5 and 17.4% Man4. The core fucosylated mannosidic Man5F and the Man3GnXF accounted for 3.1% and 2.7% of the N-glycans, respectively. Some of the paucimannosidic N-glycan structures (Man3) containing xylose and/or fucose accounted for ~9 % and may be generated by the action of vacuolar or plasma membrane -N-acetylhexosaminidases (HEXO1 and HEXO 2/3, respectively) (Strasser et al. 2007 ). The immunogold EM analyses detected a minor fraction of the GCase in protein storage vacuoles of the cgl seeds (Fig. S2) ; most of the recombinant enzyme was secreted (Fig. 2) . Cgl-GCase containing these N-glycan species likely initially contained a terminal GlcNAc residue (allowing for the addition of xylose and/or fucose in the plant Golgi, see below); subsequently the terminal GlcNAc may have been removed by one or more of the -N-acetylhexosaminidases.
This study represents the first detailed analysis of the glycan profile of a human therapeutic glycoprotein generated within an Arabidopsis seed cgl background. The mutant is characterized by one amino acid change in N-acetylglucosaminyl transferase I (GnT I) (Asp 144 to Asn). This creates an additional N-glycosylation site that leads to a misfolded and unstable protein with no detectable enzyme activity (Strasser et al. 2005) . Earlier reports of the cgl mutant showed an absence of complex glycans on glycoproteins of plant leaf extracts or callus extracts, with the predominant type of glycan being Man5GlcNAc 2 (von Schaewen et al. 1993; Strasser et al. 2005 ). More recently, Frank et al. (2008) in their analysis of three cgl1 alleles detected a low level of GnT I activity in this particular cgl mutant under conditions that promote 'underglycosylation' of proteins. For example, tunicamycin treatment relieves the 'folding block' for the mutant GnT I protein, permitting its transit to the Golgi complex. Thus, the conditional nature of this particular cgl mutant (cgl1 C5) has been demonstrated. Partial restoration of GnT I activity during seed development is a distinct possibility in the cgl1 C5 mutant. Our glycan data on cgl-derived GCase, showing ~15% of N-glycans containing xylose and/or fucose, suggests that this may indeed be the case. Glycan trimming appears to play a critical role during seed development (Boisson et al. 2001) , and it is possible that complex N-glycans are likewise important. Conditional lethality of animal cells occurs when there is GnT I deficiency. For example, deficiency of GnT I is an embryonic lethal in mice (Ioffe and Stanley 1994) , whereas CHO cell mutants that lack GnT I activity are healthy (Kumar et al. 1990 ). The present strategy demonstrates the potential for producing appropriate recombinant therapeutics, including GCase, if the cgl1 C6 mutant is used, as this line is a true loss-of-function mutant. Alternatively, extensive purification of the cgl1 C5-derived proteins to remove antigenic forms of the enzyme could be implemented. For example, we show that a chromatography step in the purification scheme is an effective means to remove the ~15% complex/hybrid-glycan-containing CGase (see later discussion).
N-glycosylation (e.g. at Asn-19) is critical for the acquisition of GCase activity (BergFussman et al. 1993 ). There are five predicted N-glycosylation sites in GCase; the first four of them are generally utilized (Berg-Fussman et al. 1993) . Sequential in vitro enzymatic remodeling of the three complex N-glycans of placental GCase to "uncover" terminal mannose residues, generates a modified GCase that is more efficiently internalized by macrophages because of its improved ability to interact with mannose receptors on macrophages (Furbish et al. 1981 ). This strategy was used to modify the N-glycans on CHO-cell-derived recombinant human GCase, imiglucerase (in which the N-glycans are predominantly complex types at all four sites), and the remodeled imiglucerase showed increased clinical efficacy for Gaucher disease (Grabowski et al. generate GCase with mannose-terminated N-glycans in vivo have attracted attention, such insect cells (Sinclair and Choy 2002) , Lec1 mutant CHO cells (Van Patten et al. 2007 ) and kifunensine (mannosidase I inhibitor)-treatment of a cultured human cell line induced to produce geneactivated human GCase ('velaglucerase alfa') (Brumshtein et al. 2010 ).
Plant-based systems are viewed as one of the more promising alternative expression systems for cost-effective production of recombinant proteins, possessing distinct advantages, even over the above-mentioned systems. However, the sugars that are added during N-glycan maturation (i.e. formation of complex glycans), such as -1,2-xylose and -1,3-fucose, may pose problems in part because of their potential immunogenicity, and this has limited the use of plant systems for production of human therapeutic proteins. GCase has been expressed in tobacco leaves, tobacco seeds and carrot suspension cells (Reggi et al. 2005; Shaaltiel et al. 2007 ). GCase derived from tobacco seeds is problematic since terminal mannose residues account for only a small proportion of the N-glycans on tobacco-expressed recombinant GCase; uptake of this protein by human R120W fibroblasts was 5-fold lower when compared to imiglucerase. Shaaltiel et al. (2007) used carrot suspension cells to express a modified human GBA cDNA, whereby the recombinant GCase was targeted to storage vacuoles by appending a vacuolar targeting sequence. Because of the glycosidases that are resident in the protein storage vacuole, recombinant human GCase with mannose-terminated N-glycans was produced. The recombinant GCase expressed in carrot cells was shown to contain over 90% mannose-terminated N-glycans, and to exhibit the same rate of uptake by thioglycolate-elicited peritoneal macrophages as imiglucerase. It is noteworthy that the recombinant enzyme produced in this expression system has two modifications that may be of concern relative to cgl-GCase and imiglucerase. Firstly, the mature recombinant GCase protein has two extra amino acids on the N-terminus (derived from the linker used for the fusion of a plant-specific signal peptide; EF), and seven extra amino acids on the C-terminus (DLLVDTM -constituting the vacuolar sorting determinant of tobacco chitinase A) (Neuhaus et al. 1991) . Secondly, the dominant N-glycans contain xylose and/or fucose residues, which are potentially antigenic structures. Although a single-dose test did not lead to any toxic responses in mice (Shaaltiel et al. 2007) , and a subsequent primate study uncovered no adverse effects (Aviezer et al. 2009 ), the United States Federal Drug Agency, nonetheless, has requested further testing of this carrot cell-derived therapeutic. As a potential plant-based ERT for Gaucher disease, cgl-GCase does not share these concerns.
We have shown that GCase produced in the cgl1 C5 background of Arabidopsis naturally contains mannose-terminated N-glycans (97%) that are predominantly oligomannosidic (85%).
This obviates the need for further in vitro enzymatic remodeling. However, the xylose-and/or fucose-containing recombinant cgl-GCase molecules (comprising ~15%) need to be removed.
One strategy, as demonstrated here, is to remove this fraction using an anti-horseradish peroxidase affinity column as one of the purification steps. It may be preferable to perform this step prior to a final Bio-gel filtration step; this would avoid any IgG leaching from the affinity column (and therefore potentially introducing immunogenicity). Another strategy is to host production of the recombinant protein in the null cgl (C6) mutant.
Thus the cgl system provides proof-of-principle of a viable plant-based expression platform to produce recombinant GCase with mannose-terminated N-glycans. Macrophage uptake studies confirmed that cgl-GCase was taken up to a similar extent as imiglucerase, and primarily via mannose receptors. Both cgl-GCase and imiglucerase have similar enzyme kinetic and thermostability properties. These results provide the foundation for future experiments to evaluate the in vivo stability and therapeutic efficacy of Arabidopsis-derived GCase to reduce substrate storage in our murine model of Gaucher disease (Sinclair et al. 2007 ).
Materials and Methods
Generation of the expression construct for production of recombinant human GCase, and generation of Arabidopsis transformants
Procedures for DNA manipulation were conducted according to standard protocols (Sambrook et al. 1989 ) using enzymes from Fermentas Canada Inc. (Burlington, ON, Canada) and Invitrogen Life Technologies (Burlington, ON, Canada). Oligonucleotide primers for PCR amplification reactions were synthesized by Sigma-Genosys (www.sigma-genosys.com); PCR-generated sequences were confirmed by sequence analysis (University Core DNA and Protein Services, University of Calgary, Calgary, AB, Canada).
The planned sequence of ligations required, in one instance, the elimination of a single EcoRI site and, in another, elimination of HindIII and EcoRI sites from the plasmid used in the majority of the subcloning, pT7T3 18u. This was accomplished by cutting with the respective restriction enzymes and filling in with Klenow fragment. The resulting plasmids were designated pTE and pTHE, respectively.
A PCR reaction was performed to take advantage of the unique MfeI site near the 5' end of the GBA open reading frame and accomplish the dual goal of adding an EcoRI site and excising a HindIII site. The DNA sequence encoding the 5' end of the human GBA cDNA was PCR-synthesized using pBS-GC1.6/E5 as template, with the forward primer p(9) containing the new EcoRI site (5'-CCATCGATGAATT CCTGGCGATGCCACAGGTA-3') and the reverse primer P(10) comprised of 5'-AGGACCCAATTGGGTGCGT-3'. After restriction of the PCR-amplified product with MfeI and ClaI, the 323-bp fragment encoding the C-terminus of the mature GCase protein was isolated for cloning. The original plasmid containing the GBA cDNA (pBS-GC1.6/E5) was digested with MfeI and ClaI, treated with calf intestinal alkaline phosphatase and purified. Re-integration with the digested and phosphorylated PCR fragment led to the generation of the new plasmid pBS-GC Cla/Mfe. Two PCR reactions were performed to generate two fragments, which are denoted A and B (Fig. 1A) . For A, a fragment containing DNA regulatory sequences of the arcelin gene (the ARC 5-I gene promoter, and 5′-UTR and signal peptide-encoding sequences) was PCRsynthesized using pWD 66 (Downing et al. 2006 ) as a template, forward primer p(1) (5'-ACGCCCGGGG TTATTTCCTCATCACCAGAC-3') and reverse primer p(2) (5'-TGAGTTTGC GTGTGTGAGAA-3'). For B, the DNA sequence encoding the 5' end of the GBA open reading frame (minus its signal peptide-encoding sequences) was PCR-synthesized using pBS-GC1.6/E5 as template, forward primer p(3) (5'-GCCCGCCCCTGCATCC-3') and reverse primer p(4)(5'CGCGTCTAGAGGGTACCCGGATGATGTTAT-3'). After restriction of the PCR-amplified products (A with XmaI, and B with HindIII) the fragments were isolated, phosphorylated and purified for cloning. The two fragments were ligated into pTHE (which had been digested with XmaI and HindIII, treated with calf intestinal alkaline phosphatase and purified on an agarose gel), giving rise to pTHE AB for later cloning.
The DNA sequence encoding the C-terminus of the GCase protein was PCR-synthesized using pBS-GC Cla/Mfe as template, forward primer p(14) (5'-CCCTAAAAGCTTCGGCTACA-3') and the reverse primer p(15) (5'-TCACTGGCGATGCCACAGGTA-3'). The DNA sequence comprising the 3' end of the arcelin gene was released from pWD66 (Downing et al. 2006 ) by restriction digestion with XbaI. Both fragments were gel-purified and ligated to generate pTECD.
To make the final construct for production of GCase in cgl seeds (Fig. 1 A) , pTECD was digested with HindIII and XbaI, and the fragment gel-purified and ligated into pTHE AB generating pTHE ABCD. The XmaI/XbaI fragment from the pTHE ABCD was recovered from the gel and ligated into the binary vector pRD 400 XmaI/XbaI site. Plasmid pRD400 carries the NPTII gene for kanamycin resistance (Datla et al. 1991 ).
The recombinant binary plasmid was introduced into competent Agrobacterium tumefaciens GV3101/pMP90 cells (Koncz and Schell 1986) according to Katavic et al. (1994) .
Transformed cells were selected on media containing 50 µg/ml kanamycin, 25 µg/ml rifampicin and 25 µg/ml gentamycin.
Arabidopsis thaliana cgl seeds were obtained from the Arabidopsis Biological Resource
Center (stock number CS6192). This particular mutant is referred to as cglI C5 in Frank et al. (2008) . Arabidopsis plants were transformed according to the floral dip method described by Clough and Bent (1998) . T 1 generation transformants were selected on medium containing 50 µg/ml kanamycin according to Katavic et al. (1994) Grace and Company of Canada Ltd., Ajax, ON, Canada). Seeds of the T 2 generation were used for screening (western blot analyses and GCase activity assays). Seeds of the T 3 generation of the highest expressing line were used for GCase purification.
GCase activity assays
GCase activities in the crude extracts or purified fractions were assayed using the fluorogenic substrate 4-methylumbelliferyl β-D-glucopyranoside (4-MUGP) (Sigma) according to Sawkar et al. (2002) and Dale and Beutler (1976) . Protein was extracted from cgl seeds by grinding seeds with a plastic pestle in buffer (50 mM sodium phosphate, pH 6.0, 0.1% sodium taurocholic acid, 1 mM EDTA, 0.5 mM PMSF). The homogenate was centrifuged at 13,000 rpm for 10 min and the resulting supernatant was assessed for GCase activity and total soluble protein (quantitative) assays. The activity assay was carried out by adding 5 µl of protein extract to 50 µl of the assay buffer containing 0.1 M potassium phosphate (pH 5.0), 0.15% Triton, 0.125% sodium taurocholate and 1.5 mM 4-MUGP. The mixture was incubated at 37º C for 0.5-1 h and terminated by adding 1.4 ml glycine buffer (0.2 M glycine, 0.125 M sodium carbonate, pH 10.7).
Fluorescence of the reaction product, 4 MU, was determined ( ex = 365 nm, em = 460 nm). One unit of activity is defined as the amount of enzyme required to release 1 nmol 4 MU/min. Protein concentrations were determined by the Bio-Rad DC assay (Bio-Rad Laboratories Inc.).
Western blot analysis
The alkaline phosphatase detection system was used for western blots to identify the transgenic cgl lines producing recombinant GCase using methods described previously (24). The primary polyclonal anti-GCase antibody (Grabowski et al. 1985) was diluted 1:1000. Purified cgl-GCase was subjected to western blot analysis, before and after passage through an anti-horseradishperoxidase affinity column, to detect the GCase proteins that contained plant-specific complex 
Immunogold electron microscopy (EM) localization of GCase
The general procedures for immunogold EM studies to localize GCase in transgenic cgl seeds were performed essentially as described previously (Tse et al. 2004) . Dry seeds of untransformed cgl and transgenic cgl plants were imbibed in water at 4 °C for 12 h before high-pressure freezing, and subsequent substitution of frozen sections with hydrophobic Lowicryl resin HM20.
Immunolabeling was carried out using GCase-specific polyclonal antibodies at a 1:300 dilution and gold-coupled secondary antibodies at a 1:50 dilution. Aqueous uranyl acetate/lead citrate poststained sections were examined in a JOEL JEM-1200EX II transmission electron microscope (JOEL, Tokyo, Japan) operating at 80 kV.
Purification of GCase from cgl seeds
The purification protocol was developed based on Furbish et al. (1977) , Dale and Beutler (1976) , Choy (1989) , and Lee et al. (1994) . Seeds of the T3 generation (line no. 1) were ground in liquid N 2 and proteins were extracted using the following buffer: 20 mM Tris, pH 7.0, 150 mM NaCl, 0.5% taurocholic acid, 1 mM PMSF. The conditions for concanavalin A (Con A) column binding and elution were optimized to facilitate maximum binding and elution of GCase (based on activity assays). After centrifugation at 15,000 rpm for 45 min, the supernatant was collected and loaded onto a Con A-sepharose column using a peristaltic pump (Pump-P1, Amersham) recycling for 24 h at 4 ºC. After washing, glycoproteins were eluted from the column using 15% methyl--mannoside in the above buffer recycling for 16-24 h with four exchanges of elution buffer. The eluant was concentrated using Microcon 30 kDa (Amicon) (Millipore, Billerica, MA, USA) and an exchange buffer with 100 mM sodium acetate, pH 5.2, 14% (w/v) ammonium sulfate (buffer A). The concentrated eluant was filtered through a 0.45-m filter and loaded onto a Butyl FF column (1 ml; GE Healthcare Life Science, Quebec, Canada) using ÄKTA TM FPLC TM (GE Healthcare Life Science, Quebec, Canada) at a flow rate of 0.5 ml/min. The column was then washed with 15 ml buffer A and 15 ml 50 mM ammonium sulfate followed by 15 ml of 24% ethanol (v/v) in 100 mM acetate buffer, pH 6.0. The GCase was then eluted with an elution buffer (150 mM acetate buffer, pH 6.0 containing 36% ethanol v/v; final pH 6.5). The eluted fractions were collected and assayed for GCase activity, and active fractions were pooled and concentrated with Microcon 30 kDa. The concentrated eluant was diluted 1:1 with 150 mM acetate buffer (pH 6.0) and loaded onto a Bio-Gel P 100 (BioRad) column (2.5x15 cm). GCase was eluted with 150 mM acetate buffer, pH 6.0 containing 18% ethanol at a flow rate of 0.5 ml/min. Fractions with GCase activity were concentrated with Microcon 10 kDa, then fractionated by SDS-PAGE to examine the purity of GCase. For long-term storage, the purified GCase fractions were combined and then dialyzed in 0.1 M citrate buffer, pH 6.0 containing 50% ethylene glycol.
Thermal denaturation experiments
The thermal stabilities of imiglucerase and cgl-GCase in the presence or absence of 300 µM IFG (isofagamine tartrate; Toronto Research Chemicals, North York, Canada) were evaluated using the previously described fluorescence denaturation assay based on the environmentally sensitive fluorophore NanoOrange (Kornhaber et al. 2008) . All assays were performed in 100 mM phosphate 50 mM citric acid buffer at pH 7 in the presence of 1 g cgl-GCase/imiglucerase and a 1/100 dilution of NanoOrange stock (Invitrogen). Thermal denaturation was carried out using a Mini-Opticon RT PCR (BioRad) instrument. Melting temperatures (T m ) of enzymes in the presence or absence IFG were determined using the software provided by supplier.
Kinetic evaluation of GCase derivatives
Activities of enzymes were evaluated at pH 5.5 in 200 mM sodium phosphate 100 mM sodium citrate buffer containing 0.2% taurodeoxycholate at 37°C as described previously (Tropak et al. 2008 ). 
Glycan composition analyses
The graphitized carbon liquid chromatography tandem mass spectrometry (carbon LC MS/MS) system was used to characterize the N-glycan status of recombinant GCase (Wilson et al. 2002) .
Purified GCase (4 g) was resolved by 10% SDS-PAGE and the GCase protein band was recovered from the gel. N-glycans were released using PNGase A from tryptic peptides obtained after in-gel digestion as described by Kolarich and Altmann (Kolarich and Altmann 2000) . The released N-glycans were reduced and desalted and were analyzed by carbon LC ESI MS/MS using a Thermo Hypercarb column (180 μm ID x 100 mm) with an Agilent 1100 capillary LC and an Agilent ion trap for detection using negative ion mode according to Wilson et al. (2002) .
Oligosaccharide structures were assigned based on mass, MS/MS fragmentation and on the knowledge about plant N-glycosylation synthetic pathways (Leonard et al. 2004) . The relative Nglycan distribution was calculated from the signal intensities of the monoisotopic m/z signals in the combined MS spectrum, which was summed over the entire range in which the N-glycans elute. If the singly and doubly charged signals were detected, both intensities were taken into account.
Anti-horseradish-peroxidase affinity column for removal of GCase containing plant complex Nglycans
Approximately 15% of the GCase derived from cgl seeds contained matured N-glycans, i.e., Nglycans with xylose and/or fucose. This fraction of the GCase was removed from the sample by passing the purified GCase (a single band on SDS-PAGE) through an anti-horseradishperoxidase affinity column (recycling overnight at 4ºC). The antibody specifically binds to xylose and/or fucose residues (Wilson et al. 1998) , allowing for the removal of any GCase containing these sugars from the sample. The polyclonal anti-horseradish-peroxidase antibodies (Sigma-Aldrich Canada, Oakville, Ontario, Canada) were cross-linked to Affi-Gel 10 (Bio-Rad Laboratories Inc., Mississauga, ON, Canada) according to the manufacturer's instructions.
Uptake of GCase by mouse macrophages
GCase uptake experiments were conducted according to a protocol of Brumshtein et al. (2010) with modifications. RAW 264.7 mouse macrophage cells were distributed into 24-well plates Uptake was allowed to proceed for 3 h at 37 °C in a CO 2 humidified incubator. Following uptake, the incubation buffer was removed and the cells were extensively washed with 3 changes of phosphate buffered saline containing calcium and magnesium (2 ml). Cells were lysed at 4°C for 30 min using 200 µL citrate phosphate (McIlvaine) buffer pH 5.5 containing 0.4% Triton X 100 and 0.2% taurodeoxycholate. One fifth of the lysate was used to measure total intracellular GCase and -N-acetyl hexosaminidase activity as described previously (Tropak et al. 2008) . The remainder of the lysate was used to immunoprecipitate endocytosed recombinant human GCase 
